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Choristoneura fumiferana multicapsid nucleopolyhedrovirus (CfMNPV) is a baculovirus pathogenic to spruce budworm, the most
damaging insect pest in Canadian forestry. CfMNPV is less virulent to its host insect and its replication cycle is slower than the
baculovirus type species Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) but the basis of these characteris-
tics is not known. We have now identified, localized, and determined the sequence of the region of CfMNPV carrying potentially
important regulatory genes including p47, lef-12, gta, and pkip. DNA database searches revealed that this region of CfMNPV is
most closely related to the homologous OpMNPV genes. Transcription analysis demonstrated that CfMNPV P47 is encoded by a
1.6-kb transcript, LEF-12 is encoded by a 2.6-kb transcript, and GTA is encoded by a 2.1-kb transcript. Transcripts for these genes
were detectable at 6 h postinfection but all of them showed a burst in expression levels between 12 and 24 h postinfection
corresponding to the time of initiation of CfMNPV DNA replication. A polyclonal antibody, raised against CfMNPV P47, detected
a nuclear 43-kDa polypeptide from 12 to 72 h postinfection, demonstrating that the CfMNPV p47 gene product is first expressed
at a time corresponding to the burst of transcriptional activity between the early and the late phases. Both AcMNPV and CfMNPV
P47 translocate to the nucleus of infected cells. © 2000 Academic Press
aINTRODUCTION
The Baculoviridae, a family of large rod-shaped envel-
oped viruses carrying circular double-stranded DNA ge-
nomes, are pathogenic only to arthropods, mainly in-
sects. Because of their host specificity, baculoviruses
have been utilized as safe biological control agents but
their use has been limited mainly because of their low
virulence. In addition, several species of baculovirus,
including Autographa californica multicapsid nucleopoly-
hedrovirus (AcMNPV), the prototype member of this fam-
ily of viruses, have been extensively used as expression
vectors for foreign gene expression. Both of these appli-
cations have been stimulated by detailed studies of bac-
ulovirus genetic organization.
Baculovirus gene expression is controlled mainly at
the transcription level in a cascade fashion involving four
major temporal phases: immediate early, early, late, and
very late. The major immediate early gene, ie-1, is es-
sential for the stimulation of expression of early genes
necessary for viral DNA replication. The early genes are
transcribed by the host RNA polymerase II. Once DNA
replication begins, there is a switch in transcription pat-
terns although many of the early gene products are also
essential for stimulating late gene transcription. Late1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (613) 533-6796. E-mail: carstens@post.queensu.ca.
109genes code for viral structural proteins involved in the
assembly of nucleocapsids. The nucleocapsids then be-
come associated with either one of two unique types of
particles: budded virions that form as a result of budding
through the cytoplasmic membrane or occlusion-derived
virions that become enveloped in the nucleus and oc-
cluded within a protein matrix consisting of an abundant
viral-encoded very late gene product. The very late
genes are essential for occlusion of viral particles and
nuclear disintegration of the infected cells.
Genetic analysis of temperature-sensitive mutants and
transient expression assays together identified 19 AcM-
NPV genes required for the expression of late and very
late genes. Some of these late expression factors (LEFs)
are required for early gene expression and DNA replica-
tion, while the remaining are predicted to be involved
directly with late and very late gene regulation. The
switch to late gene expression correlates with the ap-
pearance of a-amanitin-resistant RNA polymerase activ-
ity. Recently, this activity was attributed to the presence
of four viral gene products in infected cell extracts
(Guarino et al., 1998). Two of these genes, p47 and lef-4,
were originally identified in our laboratory through char-
acterization of temperature-sensitive mutants (Partington
et al., 1990; Carstens et al., 1993), while p47, lef-4, lef-8,
nd lef-9 were also identified by transient expression
assays (Lu and Miller, 1995).
Choristoneura fumiferana multicapsid nucleopolyhe-
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110 LAPOINTE ET AL.drovirus (CfMNPV) is a baculovirus specific to spruce
budworm, a major Canadian forest pest. We previously
reported differences in virulence between CfMNPV and
AcMNPV that may be related to the functioning of viral
regulators of gene expression (Liu and Carstens, 1993;
Qiu et al., 1996). AcMNPV infection of Cf-124T cells was
locked at a postreplication stage, a time when genes
ost active in regulating late gene expression are nor-
ally expressed. Using AcMNPV as a model, we have
een investigating the genetic organization of CfMNPV
o identify regulatory genes. In this paper, we report the
ocation, identification, nucleotide sequence, and tran-
criptional mapping of a region of CfMNPV carrying the
47 homologue. In addition, we determined the expres-
ion pattern and intracellular localization of the CfMNPV
47 gene product. Amino acid sequence comparisons
uggest that P47 may share functional domains with the
amily of T7-like mitochondrial RNA polymerases.
RESULTS
dentification, sequence, and analysis of the left end
f the CfMNPV EcoRI C fragment
Southern hybridization studies on CfMNPV DNA using
probe derived from the AcMNPV p47 gene region
evealed homology within the CfMNPV EcoRI C fragment
egion (data not shown). This region was subcloned into
FIG. 1. Location of conserved ORFs in the CfMNPV genome. The
EcoRI restriction map of CfMNPV (Liu and Carstens, 1995) is shown at
the top and the sequenced region (left end of the EcoRI C fragment)
including the locations of a number of restriction sites is expanded
below. The bottom, corresponding to the sequenced region, shows the
locations of the translation start (short vertical bars) and stop (long
vertical bars) codons in six different reading frames (1 to 3 are trans-
lated from left to right while 21 to 23 are translated from right to left).
The locations of the largest open reading frames are designated
according to the total number of amino acids they contain and the
current gene name. The regions used to generate strand-specific
riboprobes are outlined below the ORF map.lasmids and 4038 nt of viral DNA were sequenced
Figs. 1 and 2). The entire region is 56.1% G1C. Com-uter analysis of the sequenced region revealed the
resence of four open reading frames (ORFs) larger than
60 amino acids coding for predicted polypeptides of
97, 399, 304, and 166 amino acids (Fig. 1). Computer
earches of the NCBI protein database revealed signifi-
ant amino acid similarity between these ORFs and the
reviously identified baculovirus genes gta, p47, lef-12,
nd pkip (Table 1).
Although the order of the CfMNPV p47, lef-12, and gta
enes is the same as in AcMNPV, the location of the
fMNPV pkip gene is similar to that of the Orgyia
pseudotsugata NPV (OpMNPV) orf44 (homologous with
pkip) (Fig. 3A). The inversion of this region of OpMNPV
compared with AcMNPV has been previously noted (Ah-
rens et al., 1997). We now report that this inversion is also
present in CfMNPV, at least with respect to the pkip
gene, which is located directly to the left of the CfMNPV
p47 gene on the standard physical map, in place of the
AcMNPV p43 (orf39) gene (Carstens et al., 1993). By
comparing the nucleotide sequences between the CfM-
NPV pkip and p47 ORFs with the nucleotide sequence
overlapping the C-terminus of the AcMNPV pkip gene,
we predict that the junction region of the inversion oc-
curred within an A1T-rich (78%) sequence of about 80 nt
likely including a region overlapping the last 6 nucleo-
tides of the CfMNPV p47 ORF and the last 19 nt of the
pkip ORF (Fig. 3B). This supports our previous results
demonstrating that baculoviruses undergo large
genomic rearrangements (Wu et al., 1999).
CfMNPV p47, gta, lef-12, and pkip genes
The predicted amino acid sequence of ORF399 (46.3
kDa) was similar to that of the AcMNPV p47 gene
(Carstens et al., 1993) (66% identity, 14% similarity) (Table
1). Blast searches also identified amino acid sequences
from OpMNPV (Ahrens et al., 1997) (ORF 45; 82% identity,
8% similarity), Bombyx mori NPV (BmNPV) (Gomi et al.,
1999) (66% identity, 14% similarity), Lymantria dispar
MNPV (LdMNPV) (Kuzio et al., 1999) (53% identity, 18%
similarity), and Buzura suppressaria MNPV (AF058929;
42% identity, 17% similarity) which are related to CfMNPV
P47. The weakest homology was found in the amino end
of P47: the first 92 amino acids were 40% identical, while
the rest of the polypeptide was 74% identical to the
AcMNPV P47 protein. As previously reported (Carstens
et al., 1993), no other obvious homologies were found
with other sequences in GenBank. The presence of 4–6
additional amino acids at the C-terminus of the AcMNPV
and BmNPV P47 and the absence of these extra amino
acids in CfMNPV and OpMNPV correlated with an inver-
sion of the genome region to the left of the p47 gene,
including an A1T-rich region within the C-terminal 18
nucleotides of the AcMNPV p47 gene. One result of this
inversion is the presence of a stop codon after the
conserved glutamic acid in the CfMNPV and OpMNPV
e). Puta
111CfMNPV GENOMIC REGION ENCODING REGULATORY GENESP47 ORFs (amino acid 394 in Fig. 3C). Both CfMNPV and
OpMNPV have an additional 5 amino acids in frame at
the N-terminus (Fig. 3C). These amino acids are absent
FIG. 2. Nucleotide sequence of the 23.7 to 26.7 map unit region of C
EcoRI C fragment is shown, including the predicted amino acid sequenc
are illustrated with the use of arrows (., clockwise; ,, counterclockwis
in the text.in all other sequenced p47 genes. Together, these data
support the conclusion that CfMNPV is more closelyrelated to OpMNPV than to other characterized baculo-
viruses.
In CfMNPV, the largest ORF in the sequenced region
. The determined nucleotide sequence of the left end of the CfMNPV
e PKIP, P47, LEF12, and GTA homologues. The orientations of the ORFs
tive transcriptional elements are underlined and labeled as describedfMNPV
es of thpotentially encodes a 497-amino-acid (57.6 kDa)
polypeptide. Blast searches and Clustal X alignments
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112 LAPOINTE ET AL.revealed high similarity between the CfMNPV ORF497
and the global transactivator (gta) gene of OpMNPV
(ORF47, 86% identity) (Table 1). The amino acid homology
between CfMNPV gta and either AcMNPV (ORF42) (Ay-
es et al., 1994) or BmNPV gta was lower (60% identity).
he baculovirus gta gene products share some similarity
ith domains of the SW1–SNF complex, a family of DNA-
FIG. 2timulated ATPases involved in a variety of processes
ncluding transcription regulation, DNA repair, DNA re-
i
vombination, and chromatin unwinding (Corpet et al.,
999; Bateman et al., 1999). The baculovirus GTAs are
mall compared to similar proteins in Drosophila mela-
ogaster (brahma; 1638 amino acids) (Tamkun et al.,
992) or yeast (SNF2; 1703 amino acids) (Laurent et al.,
992) and the overall amino acid homology level of CfM-
PV GTA with these proteins is not very high (26.5 to 30%
nueddentity). However, the domain structures of the baculo-
irus GTA proteins are conserved with a large central
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113CfMNPV GENOMIC REGION ENCODING REGULATORY GENESSNF2-like ATPase domain and a helicase C-terminus
domain as shown by computer alignments (Corpet et al.,
1999; Bateman et al., 1999). LdMNPV does not carry a gta
omologue (Kuzio et al., 1999).
Blast searches and Clustal X alignments revealed that
RF304 (33.5 kDa) contains a region highly homologous
o the OpMNPV ORF46 (78% identity and 6% similarity),
he AcMNPV lef-12 (ORF 41; 46% identity and 16% simi-
arity), and the BmNPV lef-12 (48% identity and 14% sim-
larity) (Table 1). LEF-12, like other baculovirus late ex-
ression factors, is essential for transient expression
rom late and very late viral promoters but has no effect
n early promoters (Rapp et al., 1998; Li et al., 1999). The
CfMNPV ORF304 includes 133 N-terminal amino acids
that are not present in the other baculovirus homo-
logues. Preliminary mapping of the lef-12 mRNA start site
revealed that the fifth methionine codon within ORF304
probably functions as the true start codon (unpublished
data). This site corresponds to the translation start site
for other baculovirus lef-12 genes and would result in a
171-amino-acid open reading frame (19.1 kDa). Other
than homology with the AcMNPV, BmNPV, and OpMNPV
lef-12 genes, CfMNPV ORF304 does not exhibit signifi-
cant homology with any other genes in GenBank. LdM-
NPV does not carry a lef-12 homologue (Kuzio et al.,
1999).
FIG. 2
TABLE 1
Comparisons of Amino Acid Identities
CfMNPV OpMNPV AcMNPV BmNPV LdMNPV
PKIP 100% 79% 46% 44% 23%
P47 100% 82% 66% 66% 53%
LEF-12 100% 78% 46% 48% N/A
GTA 100% 86% 60% 60% N/ABlast searches and Clustal X alignments revealed that
ORF166 (18.6 kDa) is similar to the OpMNPV ORF44 (79%
identity, 10% similarity), the AcMNPV protein kinase in-
teracting protein (pkip) gene (ORF24; 46% identity, 17%
similarity), and the BmNPV pkip gene (ORF24; 44% iden-
tity, 17% similarity) (Table 1). The homology with the
LdMNPV equivalent (ORF110) is detectable but very low
(23% identity, 18% similarity).
Predicted transcription signals
The regions upstream of each CfMNPV ORF (Fig. 2)
were analyzed for the presence of core promoter ele-
ments and possible transcription start sites (tss) includ-
ing TATA elements (TATAA), initiator motifs [ATCA(G/
T)T(C/T)], and downstream activating region elements
(DAR) [(A/T)CACNG] (Friesen, 1997). The early promoter
(INT) motif (CGTGC) found in the AcMNPV p47 (Carstens
et al., 1993), p143 (Lu and Carstens, 1991), and dnapol
(Tomalski et al., 1988) genes and the major late baculo-
virus tss (DTAAG) (Blissard and Rohrmann, 1989) were
also included in the searches.
The pkip homologue 59 leader sequence includes an
early INT motif at 237 bp from the ATG and two major
late tss at 210 and 244 bp from the ATG. Although the
transcription start site has not been determined, a typical
late transcription start site (TTATAAGT) is also found 10
bp upstream of the AcMNPV pkip ATG (Fan et al., 1998).
The p47 59 leader sequence includes two early initiation
motifs (59-CATT-39 and 59-CAGT-39) at 260 and 2124 bp,
respectively, from the ATG and three early INT motifs at
270, 292, and 2103 bp from the ATG. The lef-12 homo-
logue 59 leader sequence includes two early INT motifs
at 255 and 2148 bp from the lef-12 ATG. One DAR motif
is located at 242 bp from the lef-12 ATG and two TATA
nuedbox sequences are located 277 and 284 bp from the
ATG. The gta 59 upstream sequence includes one early
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114 LAPOINTE ET AL.start site at 226 bp and one early INT motif at 2186 bp
from the translational start site. The gta 59 leader se-
quence in AcMNPV carries no early or late tss (Ayres et
al., 1994), while the CfMNPV gta promoter region con-
tains one CAGT motif. The p47 59 leader sequence of
CfMNPV includes one CAGT motif and three CGTGC
motifs similar to the AcMNPV p47 gene (Carstens et al.,
1993) but does not contain a late tss. Primer extension
analysis of AcMNPV lef-12 gene has not been carried
out, but its leader sequence reveals a CAGT motif 52 bp
upstream of its ATG (Rapp et al., 1998). The CfMNPV
lef-12 leader sequence does not have a CAGT motif but
includes two CGTGC motifs such as the one used by
AcMNPV p47 for early transcription initiation (Carstens et
l., 1993). Based on these data, these CfMNPV genes
ould be expected to be expressed as early genes.
Sequences immediately surrounding the predicted
TG start sites of p47, lef-12, and pkip conformed to
ozak’s rules (PuNNATGPu) for efficient eukaryotic trans-
ation. However, the predicted gta ATG translational start
ite does not have a favorable context due to the pres-
nce of a pyrimidine base (C) at the 23 position. Two
anonical polyadenylation signals, AATAAA, were found
and 26 nt downstream of the TAA translational stop site
f the pkip homologue. A single polyadenylation signal
as found overlapping the C-terminal P47 amino acid.
olyadenylation signals were found at 2545, 2576, 3944,
nd 4678 nt downstream of the lef-12 ATG translation
tart site (GenBank entry U72240).
ranscription patterns within the sequenced region
The sizes and temporal expression patterns of tran-
cripts encoded by the sequenced region were investi-
ated by probing blots of CfMNPV-infected cell poly(A)1
RNA collected at several times postinfection with a se-
ries of strand-specific riboprobes. All three probes re-
vealed the presence of transcripts at 6 h postinfection,
but only after long exposures of the p47 and lef-12 blots.
1200-nucleotide probe corresponding to nucleotides
FIG. 3. Inversion of a region of CfMNPV and OpMNPV compared wit
whose orientation was previously noted to be inverted (Ahrens et al.,
arrows indicate the relative orientation of the major ORFs in OpMNPV
nd CfMNPV pkip genes (green). (B) Sequences of the regions coding f
and p47 (red) genes are aligned to show the location of the A1T-rich p
3 has been inverted with respect to the CfMNPV and OpMNPV sequenc
orientation as CfMNPV and OpMNPV. Identical nucleotides are indic
baculovirus P47 proteins are aligned to show the locations of extra am
AcMNPV and BmNPV.
FIG. 7. Intracellular localization of P47 by immunofluorescence. Con
(rows 1 to 5). Cf-124T cells infected with CfMNPV (row 2) and Sf21 c
postinfection and labeled with either monoclonal antibody directed aga
(rows 1–3). Nuclei were identified by staining the chromosomal D
corresponding to anti-P47 antibody revealed nuclear localization of Cf
revealed a majority of green fluorescence from the anti-CfMNPV P47 a
Merged images of propidium iodide and anti-P47 fluorescence are shown in th
shown in the first column (BF). Mock-infected Cf-124T cells (row 1) and Sf2159 to 1959 (within the p47 ORF, Fig. 2) detected a
ranscript of approximately 1.6 kb at 6 h postinfection
Fig. 4A). This transcript increased in signal dramatically
y 24 h postinfection and continued to be detectable at
his high level at 48 h postinfection. At 12 h postinfection
nd later, larger transcripts of 2.0, 3.3, and 5.0 kb were
bserved. The location of the pkip gene downstream of
he CfMNPV p47 gene and the presence of a tentative
oly(A)-addition sequence near the C-terminus of the
47 ORF likely results in the termination of the CfMNPV
47 mRNA at this site. Preliminary mapping data sug-
esting that the p47 mRNA initiates at the early start
onsensus sequence at nt 2090 (unpublished data) pre-
ict a transcript of about 1.3 kb. Together, these data
uggest that CfMNPV P47 is translated from the smallest
RNA detected, approximately 1.6 kb. This is much
maller than the 4.2-kb AcMNPV p47 gene transcript that
overs several downstream ORFs including p43 and 39K
pp31) (Carstens et al., 1993). However, this size differ-
nce likely does not affect the expression level of P47
ince in both cases, the p47 ORF begins directly down-
tream of the transcription start site.
A 220-nt probe corresponding to nucleotides 2218 to
997 (lef-12 ORF; Fig. 2) detected a 2.6-kb transcript at
h postinfection that increased in intensity through to
8 h postinfection (Fig. 4B). At 24 h, additional transcripts
f 3.4, 4.3, and 5.6 were detected.
A 437-nt probe corresponding to nucleotides 3770 to
333 (gta ORF; Fig. 2) detected a strong 2.1-kb transcript
t 6 h postinfection and this transcript increased in in-
ensity through 48 h postinfection (Fig. 4C). A fainter
ranscript of 2.6 was also detected at 6 h postinfection
hile transcripts of 4.3 and 5.6 appeared at 24 and 48 h
ostinfection. These latter transcripts (2.6, 4.3, and 5.6
b) were identical to those detected with the lef-12 probe,
ndicating that these larger transcripts initiate upstream
f lef-12 and overlap the gta ORF. Thus, a family of
fMNPV transcripts is encoded by this region with dif-
erent 59 ends, including one of 2.6 kb that encodes
PV. (A) Homologous regions of OpMNPV (top) and AcMNPV (bottom),
re shown above and below the sequenced region of CfMNPV. Large
nd AcMNPV (red). The OpMNPV orf44 is homologous to the AcMNPV
fMNPV, OpMNPV, and AcMNPV C-terminal regions of the pkip (green)
e inversion junction site. The region of the AcMNPV pkip gene on line
ile the region of the AcMNPV p47 gene on line 4 is shown in the same
n line 5 by asterisks. (C) The N- and C-terminal regions of various
ids at the N-termini of CfMNPV and OpMNPV and at the C-termini of
ser scanning images from the same cells are presented in each row
ected with AcVCfp47 (row 3) or AcMNPV (row 4) were fixed at 24 h
MNPV P47 (rows 4 and 5) or polyclonal antibody against CfMNPV P47
th propidium iodide (second column, PI). The green fluorescence
(row 2) and AcMNPV P47 (row 4) while cells infected with AcVCfP47
y in the cytoplasmic area surrounding the nuclear membrane (row 3).h AcMN
1997), a
(blue) a
or the C
robabl
es, wh
ated o
ino ac
focal la
ells inf
inst Ac
NA wi
MNPV
ntibode fourth column (Combined). Bright-field images of the whole cells are
cells (row 5) were included as negative controls.
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116 LAPOINTE ET AL.LEF-12 and another of 2.1 kb that encodes GTA. This
family of transcripts likely share 39 ends directed by
otential poly(A)-addition signal sequences at nucleo-
ides 4487, 4518, 5886, and 6620 (determined from un-
ublished data; GenBank U72240). Preliminary data sug-
est that there are transcription start sites for lef-12 close
to the predicted initiation site at nt 1884 (unpublished
data) that would produce transcripts of 2.5, 3.9, and 4.7
kb. There is an early tss located at nt 2440 upstream of
the gta translation initiation site that would direct the
synthesis of mRNAs of 2.0, 3.4, and 4.2 kb. The Northern
blot data suggest that the poly(A)-addition signals at nt
4487 or 4518 are strongly recognized and terminate both
the lef-12 and the gta transcripts.
Expression of P47 in infected cells
A monoclonal antibody directed against AcMNPV P47
(Carstens et al., 1993) did not cross-react with CfMNPV
P47 (see Fig. 6) so in order to identify the CfMNPV p47
gene product, the CfMNPV p47 ORF was overexpressed
in Sf21 cells following infection with the recombinant
virus AcVCfp47. The overexpressed polypeptide was pu-
rified and used as antigen to prepare CfMNPV P47-
specific rabbit polyclonal antibodies. When used as a
probe on immunoblots, this antiserum first detected a
weak 43-kDa polypeptide in CfMNPV-infected cells at 12
and 15 h postinfection (Fig. 5). Between 18 and 21 h
postinfection, there was a dramatic increase in the
amount of P47 detected and its presence continued until
at least 48 h postinfection. The time course of expression
FIG. 4. Northern blot analysis of CfMNPV p47, lef-12, and gta trans
harvested at the indicated times postinfection, was fractionated on 0.9%
(B), and gta (C) as shown in Fig. 1. The sizes of the various transcripts
o 9.49 kb (Gibco BRL). All three probes revealed a burst of transcription
f the smallest transcripts as well as detection of transcripts of increaof CfMNPV P47 correlated well with the temporal expres-
sion of the 1.6-kb mRNA with low levels of mRNA ap-
p
rpearing at 6 and 12 h postinfection and higher levels at
24 and 48 h postinfection. Because the size of this
reacting protein was smaller than its predicted molecular
weight, its mobility was compared with that of AcMNPV
P47. Both polypeptides migrated at 43 kDa (see Fig. 6),
indicating that either the polypeptides migrate aberrantly
on SDS–PAGE or they are posttranslationally modified.
This discrepancy between the expected and the actual
relative mobility of P47, although not mentioned, can also
be seen in the published report of the purified AcMNPV
RNA polymerase complex in which P47 appears to mi-
grate faster than the 43-kDa marker protein (Guarino et
al., 1998).
We have previously shown that the AcMNPV P47 is a
nuclear protein (Carstens et al., 1993) so its CfMNPV
homologue was expected to also localize to the nucleus
Poly(A)1 RNA, purified from Cf-124T cells infected with CfMNPV and
e gels and probed with the strand-specific riboprobes for p47 (A), lef-12
estimated from the mobility of RNA markers ranging in size from 0.24
n 12 and 24 h postinfection, resulting in a large increase in the amount
e.
FIG. 5. Temporal expression of the P47 gene product. Cf-124T cells
were infected with CfMNPV. At the indicated times after infection, the
cells were harvested and the equivalent of 5 3 104 cells was resolved
y 10% SDS–polyacrylamide gel electrophoresis. The proteins were
lotted onto nitrocellulose filters and reacted with CfMNPV P47 poly-
lonal antibody (1:12,500 dilution). P47 was first observed at 12 hcripts.
agaros
were
betweeostinfection but increased in levels at 18 to 21 h postinfection. The
elative mobilities of molecular weight markers are shown on the left.
b117CfMNPV GENOMIC REGION ENCODING REGULATORY GENESof CfMNPV-infected Cf-124T cells. To confirm this predic-
tion, CfMNPV-infected Cf-124T cells and recombinant
AcVCfP47-infected Sf21 cells both were fractionated into
cytoplasmic and nuclear extracts and subjected to im-
munoblot analysis (Fig. 6) or were examined directly by
immunofluorescence microscopy (Fig. 7). AcMNPV-in-
fected Sf21 cells were included in these experiments as
controls. Both CfMNPV and AcMNPV P47 proteins local-
ized to the nucleus of infected cells as shown by bio-
chemical fractionation and immunofluorescence (Figs. 6
and 7). However, substantial amounts of the overex-
pressed CfMNPV P47 were found in both the cytoplas-
mic and the nuclear fraction when examined by immu-
noblotting (Fig. 6), while immunofluorescence revealed
the majority of the CfMNPV P47 signal to be located in
the cytoplasm of AcVCfp47-infected Sf21 cells (Fig. 7).
These results confirm that P47 is normally translocated
to the nucleus in virus-infected cells, but most of the
CfMNPV P47 overexpressed by the recombinant virus
remains in the cytoplasm. The data also reveal that the
monoclonal antibody directed against the AcMNPV P47
protein does not cross-react with CfMNPV P47 but the
polyclonal antibody directed against CfMNPV P47 does
cross-react weakly with AcMNPV P47 (Fig. 6). A possible
explanation for the cytoplasmic localization of the over-
expressed CfMNPV P47 is the improper folding of the
overexpressed protein and formation into insoluble in-
clusion bodies. Alternatively, if P47 requires another viral
protein for its transport to the nucleus, then overexpres-
sion of CfMNPV P47 might disrupt the interaction with or
FIG. 6. Intracellular localization of P47 by biochemical fractionation.
Sf21 cells were infected with AcMNPV (Ac) or AcVCfp47 (AcV) and
Cf-124T cells were infected with CfMNPV (Cf). At 24 h postinfection, the
cells were harvested and fractionated into cytoplasmic (C) and nuclear
(N) fractions. Aliquots of 1 3 105 cell equivalents were analyzed by
SDS–PAGE and subjected to immunoblotting using a monoclonal an-
tibody directed against AcMNPV P47 (aAc-P47) or a polyclonal anti-
ody directed against CfMNPV P47 (aCf-P47). The viral P47 expressed
by AcMNPV and AcVCf47 reacting with the aAc-P47 antibody was
localized to the nuclear fraction of the Sf21 cells. The viral P47 ex-
pressed by CfMNPV reacting with the aCf-P47 antibody was also
localized to the nuclear fraction of Cf-124T cells. The CfMNPV P47
expressed by the recombinant virus AcVCfP47 was located in both the
cytoplasmic and the nuclear fractions.optimal ratio of P47 to the viral chaperone protein that
might then result in its cytoplasmic localization.DISCUSSION
The protein sequences encoded by the CfMNPV pkip,
p47, lef-12, and gta genes identified in this report are
more closely related to those of OpMNPV than to those
of other baculoviruses so far described (Table 1). When
the CfMNPV and OpMNPV genes are compared with
their homologues from other baculoviruses, the pkip
gene is the least conserved, followed by the lef-12 gene.
The entire sequenced region is 56.1% G1C. Both OpM-
NPV and LdMNPV have similar high G1C contents (56
and 57.5%, respectively), supporting the previous sug-
gestion that CfMNPV may be more closely related to
these viruses than to the type species baculovirus AcM-
NPV or to BmNPV (both about 40% G1C). These data
also support previous sequence and phylogenetic anal-
ysis of several genes suggesting that CfMNPV and OpM-
NPV are more closely related to each other than to other
baculoviruses (Liu and Carstens, 1995; Li et al., 1997;
Barrett et al., 1995). This genetic closeness is possibly
related to the shared ecological niche of their specific
insect host (coniferous forests).
There are no data available to indicate a possible
function for the baculovirus gta gene but based on the
similarity of these baculovirus proteins with the SNF2
family of proteins, baculovirus GTA may function to open
up viral chromatin and aid in binding of virus-specific
transcription factors to viral DNA. The presence of sig-
nificant amounts of the 2.1-kb gta transcript at relatively
early times after infection (6 h) suggests that GTA may
function at both early and late times after infection. A
homologue of the gta gene is missing in LdMNPV (Kuzio
et al., 1999), suggesting either that the gta gene is non-
essential for LdMNPV replication or that another LdM-
NPV gene performs the same function as gta.
CfMNPV, AcMNPV, and BmNPV but not LdMNPV or
Xestia c-nigrum granulovirus (XcGV) carry lef-12 homo-
logues (Kuzio et al., 1999; Hayakawa et al., 1999). It has
been suggested that lef-12 may be a species-specific
transcription factor because of data showing cell-line
specificity of transactivation by AcMNPV lef-12 (Rapp et
al., 1998). The level of the CfMNPV lef-12 2.6-kb tran-
script, like that of the 1.6-kb p47 transcript, shows a burst
between 12 and 24 h, a time that correlates to the time of
initiation of CfMNPV DNA replication (Liu and Carstens,
1993). These data support the hypothesis that lef-12 is a
transcription factor which is strongly activated at the
same time as viral DNA replication and is necessary for
activation of late genes. Because no lef-12 homologue
has been identified in LdMNPV or XcGV, it is possible
that some other genes in these viruses can substitute for
the lef-12 function.
PKIP (protein kinase-interacting protein) interacts with
and stimulates the AcMNPV protein kinase PK-1 (Fan et
al., 1998) although the exact nature of this interaction is
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118 LAPOINTE ET AL.not known. TsB97, a temperature-sensitive mutant of Ac-
MNPV in which PKIP is disrupted, shows a defect in the
latter half of the late phase of infection including a delay
in the shutoff of host protein synthesis and absence of
polyhedra formation (McLachlin et al., 1998). The pres-
nce of a CfMNPV pkip gene suggests that CfMNPV may
lso expresses a protein kinase gene. The fact that the
rrangement of the PKIP gene in CfMNPV matches that
f the genomic site of PKIP in OpMNPV further supports
he close evolutionary relationship between CfMNPV
nd OpMNPV.
P47 is an essential regulator of baculovirus late gene
ranscription as demonstrated by the phenotype of a
emperature-sensitive mutant, Ts317. Ts317 carries a
oint mutation in the AcMNPV p47 gene that, like a
imilar point mutation in the lef-4 gene, results in defec-
ive late and very late gene expression, no budded virus
roduction, and no polyhedra formation (Carstens et al.,
993, 1994). P47 is also essential in a transient assay for
ransactivation of late and very late AcMNPV genes (Lu
nd Miller, 1995) and is therefore classified as a late
xpression factor. Recently, P47 has been shown to be a
omponent of the virus-specific a-amanitin-resistant
NA polymerase complex expressed in AcMNPV-in-
ected cells (Guarino et al., 1998). We have now demon-
trated that CfMNPV codes for a p47 homologue which
s expressed in CfMNPV-infected cells at a time prior to
he onset of viral DNA replication as well as during late
imes after infection and is normally translocated to the
ucleus, indicating that CfMNPV likely expresses a late
NA polymerase activity that requires P47. Together,
hese data support the hypothesis that P47 is an essen-
ial baculovirus regulatory protein required for late tran-
cription, but no specific function for P47 during this
rocess has been identified. Other viral proteins in the
aculovirus RNA polymerase complex responsible for
ate and very late gene baculovirus expression include
EF-4, LEF-8, LEF-9, and P78/83 (Guarino et al., 1998;
orio et al., 1998). LEF-9 shares some sequence similarity
5/7 amino acid residues) with a highly conserved motif
NADFDGD) of the largest subunit of DNA-dependent
NA polymerases (Lu and Miller, 1994), while the C-
erminal region of LEF-8 contains a 13-residue motif
GXKX4HGQ/NKG) that is highly conserved among DNA-
irected RNA polymerases (Passarelli et al., 1994). Con-
erved amino acids within this motif and the C-terminal
nd of RNA polymerases in general are important for
ntry into the transcript elongation stage and for their
atalytic functions, respectively. P78/83 shares some ho-
ology with the RAP30 subunit of TFIIF general tran-
cription factor and sigma proteins from Escherichia coli
sigma 70) and Bacillus subtilis (sigma 43) (Iorio et al.,
998). This suggests that as part of the baculovirus RNA
olymerase complex, LEF-8 and LEF-9 might be involvedn RNA polymerase activity, while P78/83 might partially
efine the RNA polymerase interaction with late pro-
(
foter regions or might be involved in transcript elonga-
ion. P47 does not share high homology with nonbacu-
ovirus proteins, although a 27-amino acid-region of con-
erved sequence in P47 (amino acids 257 to 283) is
omologous to a region of an RNA polymerase (Acces-
ion No. AF035359) encoded by the Kashmir bee virus, a
icorna-like virus of bees (Christian and Scotti, 1998). In
n attempt to assign a specific function to P47, amino
cid sequences from members of the various classes of
ukaryotic RNA polymerase complex subunits were
ligned with P47 sequences, but no significant homology
as been found (unpublished data). However, recently it
as shown that the baculovirus RNA polymerase can
ranscribe mitochondrial DNA, initiating at specific TAAG
otifs (Mans and Knebel-Morsdorf, 1999), so we com-
ared amino acid sequences from various T7-like mito-
hondrial RNA polymerases (Tracy and Stern, 1995;
aehning, 1993) with P47 sequences. Small regions of
imilarity between P47 sequences and the family of T7-
ike RNA polymerases were found in domains II, IX, and
as well as in the specificity loop (Chang et al., 1999)
FIG. 8. Sequence similarity between P47 and components of RNA
polymerase complexes. Amino acid sequences were compared among
three baculovirus P47 sequences and five T7-like RNA polymerases
using Clustal X. The sequences were obtained from the NCBI database
and abbreviated as follows: Cf (CfMNPV), Op (OpMNPV), Ac (AcMNPV),
Zm (Zea mays mitochondrial RNA polymerase, rpoTp, AF127022), Ta
(Triticum aestivum mitochondrial RNA polymerase, AAB01085), At (Ara-
bidopsis thaliana mitochondrial RNA polymerase Y08137), Sc (Saccha-
romyces cerevisiae mitochondrial RNA polymerase, M17539), and T7
(T7 RNA polymerase, M38308). Identical amino acids are shown in
bold, similar amino acids are boxed. The domain structure nomencla-
ture has been previously proposed (Chang et al., 1999; McAllister and
Raskin, 1993).Fig. 8). There is no overall homology of P47 with this
amily of single-subunit RNA polymerases, but the se-
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119CfMNPV GENOMIC REGION ENCODING REGULATORY GENESquence similarity of P47 with some of the functional
domains coupled with the recognition of mitochondrial
promoters by the baculovirus RNA polymerase suggests
that there may be components of the late baculovirus
RNA polymerase complex with similarities to the T7-like
mitochondrial RNA polymerases. Within the viral RNA
polymerase complex, P47 may play a role as an essential
auxiliary factor in discriminating specific classes of pro-
moters. This hypothesis is currently under investigation.
MATERIALS AND METHODS
Cells and viruses
C. fumiferana 124T cells (Cf-124T) and CfMNPV strain
EC1 were propagated and maintained as previously de-
scribed (Liu and Carstens, 1993). Spodoptera frugiperda
(Sf21) cells and AcMNPV strain HR3 were propagated
and maintained as previously described (Lu and
Carstens, 1991).
DNA cloning and sequence analysis
The left end of the CfMNPV EcoRI C fragment was
subcloned by digesting pCfEcoC (Arif et al., 1984) with
coRI and PstI and then ligating the 3.8-kb product into
coRI–PstI-digested pBlueScript SK(2) (Stratagene) to
enerate pCfEcoC3.8(EP). To facilitate sequencing, the
CfEcoC3.8(EP) insert was subjected to unidirectional
eletions within the EcoRI–PstI fragment using a double-
tranded nested deletion kit (Pharmacia) according to
he manufacturer’s protocol. Clones were selected
ased on size and restriction endonuclease analysis.
oth ends of the insert in pCfEcoC3.8(EP) were se-
uenced using forward and reverse universal primers.
he EcoRI end nested deletions were sequenced using
he T7 universal primer (59 AATACGACTCACTATAG 39)
and the PstI end nested deletions were sequenced using
the T3 universal primer (59 ATTAACCCTCACTAAAG 39). In
addition, primers were synthesized and used to com-
plete the sequence of nonoverlapping regions of the
deletion clones. The sequences were compiled using
AssemblyLIGN (Oxford Molecular Group). Searches for
similar sequences were made using the Blast program
(Altschul et al., 1990) accessible through MacVector (Ox-
ford Molecular Group), while alignments were made us-
ing Clustal X (Jeanmougin et al., 1998). The accession
number for this sequence is AF177329.
Transcription analysis
Strand-specific riboprobes used in Northern blot hy-
bridization were synthesized from a clone of the com-
plete p47 ORF (pBSCfP47, see below) or from deletion
clones of pCfEcoC3.8(EP). A riboprobe specific for the
p47 ORF was generated by linearizing pBSCfP47 with
NcoI and radiolabeling cRNA with [32P]UTP in the
w
ipresence of T7 RNA polymerase. A riboprobe specific
for the lef-12 ORF was generated by linearizing
CfEcoC2.2EP(2) with BglI and radiolabeling cRNA with
32P]UTP in the presence of T3 RNA polymerase. A probe
pecific for the gta ORF was generated by linearizing
CfEcoC2.7EP(1) with SphI and radiolabeling cRNA with
32P]UTP in the presence of T3 RNA polymerase.
Total intracellular RNA was extracted from either
ock- or CfMNPV-infected Cf-124T cells at various times
ostinfection using guanidine–phenol (Chomczynski and
acchi, 1987; Chomczynski, 1993). Poly(A)1 RNA was
selected from total RNA on oligo(dT) cellulose using the
Micro-Fast Track kit (InVitrogen). Total RNA (30 mg) or
poly(A)1 RNA (700 ng) was denatured with formaldehyde,
electrophoresed through agarose gels, and transferred
by downward blotting (Koetsier et al., 1993) in 50 mM
sodium hydroxide to positively charged nylon mem-
branes (Nytran Plus; Schleicher and Schuell). The blots
were neutralized in 53 SSC for 15 min and the RNA was
fixed to the membrane by baking for 2 h at 80°C. The
blots were prehybridized at 60°C for 24 h and then
hybridized with 32P-labeled riboprobes at 60°C for 24 h in
solutions containing 50% formamide, 53 SSC (SSC is
.15 M NaCl, 0.015 M sodium citrate), 0.1% polyvinyl
yrrolidone, 0.1% Ficoll, 0.5% sodium dodecyl sulfate, 50
M sodium phosphate, pH 6.5, 100 mg/ml denatured
herring testes DNA (Carstens, 1982). Following three
washes of 30 min each in 0.13 SSC at 65°C, the mem-
branes were exposed to X-ray film.
Overexpression of CfMNPV P47
A recombinant baculovirus overexpressing the CfM-
NPV p47 gene was constructed using the Bac-to-Bac
baculovirus expression system (GIBCO BRL Life Tech-
nologies). A 1.2-kb fragment consisting of the entire CfM-
NPV p47 ORF plus 8 bp upstream of the ATG start codon
and 8 bp downstream of the stop codon was amplified by
PCR using pCfEcoC3.8(EP) as a template with primers
p1189 (59 GCGGATCCTTATTCAAACTGCACCAGGCG 39)
and p1190 (59 GCGGATCCATGGCCAGCGACTCCATGTTC
39). The purified PCR product was cloned by blunt-end
ligation into the EcoRV site of pBlueScript SK(2) to gen-
erate pBSCfp47 or was digested with BamHI and cloned
into BamHI-digested pFastBac1 to generate pFBCfp47,
placing the p47 gene under the regulatory control of the
AcMNPV polyhedrin promoter. pFBCfp47 was trans-
formed into DH10Ba cells and white colonies carrying
he recombinant bacmid were selected. Recombinant
aculoviruses were produced by transfecting Sf21 cells
ith purified bacmid DNA using the DOPE reagents as
reviously described (Wu and Carstens, 1998). Recombi-
ant polyhedra-minus viruses were plaque purified and
orking stocks were prepared from passage level 3
nfected cell supernatants (virus designated AcVCfp47).
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antibody
Monolayers of Sf21 cells were infected with AcVCfp47
at a multiplicity of infection of 0.01. At 72 h postinfection,
the cells were extracted and nuclei were prepared as
described (Laufs et al., 1997) except that the nuclear
xtract was centrifuged at 670 g to enhance the purity of
he insoluble P47. The nuclear pellet was resuspended in
lectrophoresis sample buffer and boiled for 5 min and
he protein samples were resolved by sodium dodecyl
ulfate–12% polyacrylamide gel electrophoresis. The re-
ion of the gel containing overexpressed P47 was visu-
lized by copper staining (Lee et al., 1987), cut out,
estained, and pulverized in fresh sample buffer. This
ample was then rerun on a second gel to enhance the
urity of P47. Protein quantitation was determined by
omparing the amount of CfMNPV P47 in the gels with
nown concentrations of marker proteins. Silver staining
as used to confirm the purity of CfMNPV P47 prepara-
ions.
New Zealand White male rabbits were injected sub-
utaneously with an emulsion of 500 ml (130 mg) of
purified CfMNPV P47 and 500 ml of Freund’s complete
djuvant. Three boosts of 3, 40, and 130 mg of CfMNPV
47 (500 ml plus 500 ml Freund’s incomplete adjuvant)
were given at 4-week intervals). Fifteen days after the
third boost, the rabbit’s blood was collected by cardiac
puncture, and the serum was prepared by centrifugation
two times at 1700 g for 15 min at 4°C. Before use, the
CfMNPV P47 antiserum was preadsorbed to remove
nonspecific reactants. Cf-124T cells were incubated with
a small sheet of nitrocellulose for 2 h. The cells were
removed and the filter was incubated for 2 h in the
presence of 1% gelatin. Finally, the gelatin was removed
and the polyclonal antiserum was added and incubated
overnight. The preadsorbed antiserum was then used for
immunoblots as previously described (Laufs et al., 1997).
Dilutions of P47-specific antibody (1:12,500) and of the
horseradish peroxidase-linked anti-rabbit donkey sec-
ondary antibody (1:25,000) were used.
Immunofluorescence microscopy
At 24 h postinfection, infected Cf-124T and Sf21 cells
on coverslips were washed with PBS, fixed with 10%
paraformaldehyde for 10 min at room temperature,
washed again in PBS, and then permeabilized in meth-
anol for 20 min at 220°C as previously described (Wu
and Carstens, 1998). Following three washes with PBS-T
(PBS plus 0.1% Tween 20), the cells were blocked for at
least 1 h in 1% goat serum (in PBS-T) and then incubated
in preadsorbed CfMNPV P47-specific polyclonal anti-
body (1:1000) or in AcMNPV P47-specific monoclonal
antibody (1:500) (Carstens et al., 1993). After a wash with
PBS-T, the coverslips were incubated for 1 h in goat
anti-rabbit secondary antibody conjugated with FITC (1:500) (Vector Laboratories, Inc.) or in Oregon Green 488 (5
mg/ml) (Molecular Probes). The coverslips were again
washed extensively with PBS-T followed by washes with
PBS prior to incubation with RNase A (200 mg/ml) for 40
in at 37°C. After a brief wash, the coverslips were
reated with propidium iodide (2 mg/ml) in Slow Fade
buffer (Molecular Probes) for 1 min at room temperature
to stain chromosomal DNA in the nuclei. The coverslips
were mounted on glass microscope slides and exam-
ined with a Meridian InSight plus confocal microscope
and a KX85 camera (Apogee Instruments). Color images
were generated and analyzed with Max Im DL version
2.00 (Cyanogen Productions) (Cancer Research Labs at
Queen’s University).
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